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ABSTRACT 22 
LuxR is the 3-oxohexanoyl-homoserine lactone (3OC6HSL) dependent transcriptional activator 23 
of the prototypical acyl-homoserine lactone (AHL) quorum sensing system of Vibrio fischeri.  24 
Wild-type LuxR exhibits no response to butanoyl-HSL (C4HSL) in quantitative bioassays at 25 
concentrations of up to 1 ?M; a previously described LuxR variant (LuxR-G2E) exhibits a 26 
broadened response to diverse AHLs, including pentanoyl-HSL (C5HSL), but not to C4HSL. 27 
Here, two rounds of directed evolution of LuxR-G2E generated variants of LuxR that responded 28 
to C4HSL at concentrations as low as 10 nM.  One variant, LuxR-G4E, had only one change, 29 
I45F, relative to the parent LuxR-G2E, which itself differs from wild-type at three residues.  30 
Dissection of the four mutations within LuxR-G4E demonstrated that at least three of these 31 
changes were simultaneously required to achieve any measurable C4HSL response.  The four 32 
changes improved both sensitivity and specificity towards C4HSL relative to any of the other 14 33 
possible combinations of those residues.  These data confirm that LuxR is evolutionarily pliable 34 
and suggest that LuxR is not intrinsically asymmetric in its response to quorum sensing signals 35 
with different acyl-side chain lengths. 36 
 37 
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INTRODUCTION 38 
Bacterial cell-cell communication employs specific protein receptors, soluble pheromones, and is 39 
frequently referred to as quorum sensing (QS) (36).  Numerous Proteobacteria employ acyl-40 
homoserine lactones (AHLs) as dedicated pheromones to regulate genes in a population density-41 
dependent manner (16, 17, 32).  In the lux system of Vibrio fischeri, 3-oxohexanoyl-homoserine 42 
lactone (3OC6HSL) is synthesized by LuxI and is sensed by LuxR, a DNA-binding 43 
transcriptional activator (11).  LuxR activates transcription of the lux genes when concentrations 44 
of 3OC6HSL reach ca. 10 nM within the cell (5, 11, 22).  Through heterologous genetic and 45 
whole-cell biochemical techniques, amino acid residues of LuxR that are required for AHL 46 
binding, DNA binding, dimerization, and recruitment of RNA polymerase have been identified 47 
(13, 15, 16, 31, 34).  Detailed structural information for LuxR is not yet available, as this protein 48 
has only recently been purified in its full length form (35). 49 
 50 
There has been considerable interest in understanding how receptor proteins distinguish amongst 51 
a myriad of potential ligands (3, 8-10, 24, 29, 30).  LuxR homologues generally are reasonably 52 
specific and sensitive to their specific cognate AHLs (37).  Collins et al. employed directed 53 
evolution to yield LuxR variants that exhibited an improved response to AHLs with longer acyl 54 
side chains (8).  One variant, LuxR-G2E, was equally as sensitive to octanoyl-homoserine 55 
lactone (C8HSL) as wildtype LuxR was to 3OC6HSL.  Recently, a positive-negative, dual 56 
selection system was employed to generate a C8HSL responsive variant of LuxR that was no 57 
longer sensitive to 3OC6HSL (9).  Curiously, wild-type LuxR exhibits a weak but measurable 58 
response to C8HSL, C10HSL, and even C12HSL, but none to C5HSL or C4HSL. The broadened 59 
specificity variant LuxR-G2E exhibited a strong response to C5HSL (8), but none to C4HSL. 60 
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This suggests that the native specificity of LuxR for AHLs is broad-yet-asymmetric with respect 61 
to acyl-side chain length (12, 26).  C4HSL serves as the cognate signal for both RhlR and AsaR, 62 
homologs of LuxR operative in the bacteria Pseudomonas aeruginosa and Aeromonas species 63 
(25, 33).  RhlR and AsaR are only distantly related to LuxR and the signal binding domains of 64 
these proteins share less than 23% identity with LuxR over a span of 160 residues.  Herein, we 65 
endeavored to examine whether the previously observed plasticity of LuxR can be extended to 66 
C4HSL or whether, conversely, the observed asymmetric response of LuxR to a full range of 67 
signals with different acyl-chain lengths is insurmountable.  68 
 69 
 70 
MATERIALS AND METHODS 71 
Bacterial strains, plasmids, media, and culture conditions.  The strains and plasmids used in 72 
this study are listed in Table 1.  All strains were grown on rich medium (LB) at 37°C, unless 73 
otherwise noted.  Liquid medium was solidified with 1.5% agar (Becton Dickinson and Co., 74 
Franklin Lakes, NJ).  Antibiotics were used at the following concentrations, where appropriate, 75 
and are abbreviated throughout as follows: kanamycin (Km), 20 ?g per ml; chloramphenicol 76 
(Cm), 100 ?g per ml.  Bioassay medium was as previously described (28).  Competent 77 
Escherichia coli cells were prepared with the Z-Competent kit according to the manufacturer’s 78 
instructions (Zymo Research, Orange, CA).  AHL stock solutions were prepared by dissolving 79 
the appropriate amount of each in ethyl acetate acidified with 0.01% v/v glacial acetic acid.  80 
AHLs and AHL analogues used in this study were either synthesized (see below) or acquired 81 
from the following sources: 3OC6HSL and acetyl-homocysteine-thiolactone (AHCTL) (Sigma 82 
Aldrich, St. Louis, MO); DL-C8HSL, DL-C10HSL, DL-C12HSL, DL-C14HSL (Fluka, St. Louis, 83 
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MO).  All AHLs used in this study were enantiopure L isomers, unless otherwise indicated.  For 84 
library screening, AHL was added to agar medium cooled to 65°C before pouring into Petri 85 
plates.  All liquid media containing AHLs was prepared immediately prior to use by adding the 86 
appropriate amount of acidified ethyl acetate stock directly to the growth medium.  Ethyl acetate 87 
was always ? 0.2% v/v final and control experiments showed that this concentration of ethyl 88 
acetate had no effect on E. coli growth (not shown). 89 
 90 
Enantiopure AHL synthesis.  A 100 ml round bottom flask was charged with 50 ml 91 
dichloromethane and 2.5 g (13.7 mmol) ?-amino-?-butyrolactone-hydrobromide; the suspension 92 
was cooled to 0°C. Subsequently 2.77 g (27.4 mmol) triethylamine was added drop wise. 93 
Afterwards, a small spatula tip (approx. 50 mg) of 4-dimethylaminopyridine was added followed 94 
by 1.84 g (13.7 mmol) hexanoyl-chloride. The mixture was allowed to reach room temperature 95 
and was stirred overnight. To the mixture was added 10 ml of 0.5 M HCl. The phases were 96 
separated and the organic phase was washed with 6 ml of water and 10 ml of a 5% sodium 97 
bicarbonate solution. After drying the organic phase with sodium sulfate the solvent was 98 
removed under vacuum. The yield was 50% of the theoretical 2.63 g. N-hexanoyl-L-HSL had a 99 
purity of >95% judged by 500 MHz 1H-NMR-data. The NMR-data obtained were in accordance 100 
with previous reports (6, 23). Other n-alkanoyl-derivatives were synthesized in a similar fashion. 101 
 102 
Directed evolution library generation, screening, and mutant verification.  As described 103 
previously (8), luxR variants were cloned into the expression vector, pPROLar.A122, and 104 
screened in combination with the signal response screening plasmid, pluxGFPuv. Use of 105 
pPROLar.A122 places cloned LuxR alleles under the control of the hybrid Plac/ara-1 promoter. 106 
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Plasmid pluxGFPuv encodes a variant of green fluorescent protein under the control of the PluxI 107 
promoter.  108 
 109 
Error-prone PCR reactions were performed using AmpliTaq DNA polymerase (Applied 110 
Biosystems, Foster City, CA) and 50 mM MnCl2 to increase the mutation rate as described (7).  111 
The primers 5'-luxR and 3'-luxR were used to amplify the luxR-G2E gene using pLuxR-G2E as 112 
the template (8). The library was constructed by ligating KpnI and BamHI digested 113 
pPROLar.A122 with the products of error-prone PCR using T4 DNA ligase (Invitrogen, 114 
Carlsbad, CA). Vent DNA polymerase (New England Biolabs, Beverly, MA) was used to 115 
amplify wild-type luxR, which was digested and ligated into pPROLar.A122 for use as a control.  116 
The ligation mixtures were transformed into competent DH5? cells harboring pluxGFPuv. 117 
Libraries were screened for GFPuv fluorescence under 365 nm UV light on LB agar plates 118 
containing 1 ?M C4HSL.  Screening plates were buffered at pH 6.5 using either phosphate or 119 
3-(N-morpholino)-propanesulfonic acid.  The plates were incubated at 37oC for 18 hours prior to 120 
screening. 121 
 122 
DNA shuffling was as described (21).  The primers 5'-luxR and 3'-luxR were used to amplify the 123 
mutant luxR genes using Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA).  After 124 
purification and quantification, equal amounts of parent amplification products were mixed and 125 
subjected to a DNAseI digestion.  The 100 ?L digest contained ca. 4 ?g of the parental mix, 10 126 
?L of 0.5 M Tris-HCl (pH 7.4), 5 ?L of 0.2 M manganese chloride and 0.14 units of DNAse I.  127 
After 15-30s of digestion at 15
o
C, each reaction was stopped by adding 5 ?L of 0.5 M EDTA and 128 
by placing the mixture immediately on ice, and was subjected to electrophoresis through a 1.5% 129 
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agarose gel.  Fragments between 50-150 bp were excised and used in further steps.  Fragments 130 
were randomly reassembled in a 50 ?L reaction.  Full-length luxR genes were synthesized by 131 
diluting the reassembly reaction 50- to 500-fold and amplified using Pfu Turbo DNA polymerase 132 
and the primers 5'-luxR and 3'-luxR. Ligations and transformations were performed similarly to 133 
the first generation. The resultant library was screened for GFPuv fluorescence under 365 nm 134 
UV light on LB agar plates containing 100 nM C4HSL.  Screening plates were buffered at pH 135 
6.5 using either phosphate or 3-(N-morpholino)-propanesulfonic acid. All colonies that 136 
fluoresced after 18 hours were picked, purified, and inoculated into 1 mL LB containing the 137 
appropriate antibiotics before further characterization.  138 
 139 
Mutants identified during both screens were re-cloned into fresh background plasmids and 140 
strains to eliminate secondary-site effects.  For each mutant, the luxR allele was amplified using 141 
Pfu Turbo polymerase and treated with DpnI.  The PCR products were digested and ligated into 142 
pPROLar.A122 (as above) and transformed into competent DH5? cells containing pluxGFPuv. 143 
The promoter and luxR gene from all mutants of interest were sequenced using the upstream 144 
primer 5'-LarSeq2 (5'-CCTGAGCAATCACCTATGAACTGTC-3') and internal luxR primer 145 
LuxRSeq(int) (5'-CGAAAACATCAGGTCTTATCACTGGG-3').  146 
 147 
Site-directed mutagenesis.  Single mutants were constructed previously (8), and double, and 148 
triple mutants were constructed by overlap extension PCR, as previously described (18, 19).  149 
Primer sequences are available upon request.  Mutations were verified by DNA sequencing with 150 
at least two-fold coverage. 151 
 152 
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Quantitative LuxR-mediated GFPuv expression.  The bioassay used to quantify the activity of 153 
each LuxR mutant protein has been previously described (8) and (27).  Cells were first grown 154 
from single colonies or glycerol stocks in LB overnight, then diluted 200-fold into 100 mL of 155 
fresh LB medium containing 5 mM potassium phosphate buffer, pH 6.5, and the appropriate 156 
antibiotics.  Such cultures were incubated with shaking at 37oC until they reached an OD600 of 157 
0.5, and then harvested by centrifugation.  Cell pellets were washed and resuspended to an OD600 158 
of 0.6 in bioassay medium (0.05 % w/v tryptone, 0.03% v/v glycerol, 100 mM sodium chloride, 159 
50 mM magnesium sulfate and 5 mM potassium phosphate buffer, pH 6.5, containing antibiotics.  160 
The suspension was subsequently transferred into 48-well plates (VWR International, cat. no. 161 
82004-674) containing 0.5 mL bioassay medium with acyl-HSL, to a total volume of 2.5 mL per 162 
well.  Thereafter, the 48-well plates were shaken at 37oC for 4 hours.  From each well, 200 ?L 163 
was transferred to wells of a white 96-well microplate with a clear bottom.  GFPuv fluorescence 164 
(395nm excitation, 509nm emission, 495nm cutoff) was measured using a fluorescence 165 
microtiterplate reader (Molecular Devices, SpectraMAX Gemini XS); cell densities were 166 
measured using a microtiterplate reader at 600nm.  Fluorescence by cell suspensions was 167 
normalized to optical density.  The fluorescence output of pPROLar.A122 with pluxGFPuv was 168 
used to determine the background fluorescence without LuxR, and this background fluorescence 169 
value was subtracted from all fluorescence measurements obtained with wild-type pLuxR and all 170 
mutants to determine fluorescence due only to LuxR-dependent gene activation.  For a given 171 
variant, the same batch of cells was used for comparing responses to 1) different concentrations 172 
of a given acyl-HSL, or 2) different acyl-HSLs. 173 
 174 
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AHL sensitivity and specificity calculations.  Data from AHL dose response curves were 175 
plotted using the OriginPro software package, version 7.5 SR4 (OriginLab Corporation, 176 
Northampton, MA).  The half-maximal gene activation values, e.g. [AHL]50, were calculated by 177 
fitting the data to the best fit model using regression analysis.  Data were fit using either a 178 
hyperbolic or a linear equation and these equations were used to calculate the half-maximal gene 179 
activation value for each AHL.  Half-maximal gene activation values were used as a measure of 180 
sensitivity toward a particular AHL. Relative specificity, S, was determined by calculating the 181 
ratio of half-maximal activation values for each AHL compared to the cognate AHL, L-182 
3OC6HSL, as described previously (8).  For example, the relative specificity of L-C4HSL was 183 
calculated as follows: SC4HSL=[L-C4HSL]50/[L-3OC6HSL]50.  Mutants that have an S value of 1 184 
are as sensitive to the test AHL as to L-3OC6HSL.  Mutants that are more sensitive to L-185 
3OC6HSL than to the test AHL have an S value of greater of than 1.  An S value of less than 1 186 
means a particular mutant is more sensitive to the test AHL than to L-3OC6HSL.  S values were 187 
used as a measure of specificity for all generated mutants. 188 
 189 
Western immunoblots and quantitative densitometry.  Each LuxR mutant protein was tagged 190 
with a c-myc tag (GGAEQKLISEEDL) as described previously (8).  Cells for Western 191 
immunoblots were grown exactly as those for quantitative LuxR-mediated GFPuv expression 192 
and incubated with or without AHL, as in quantitative bioassays. Cells were harvested by 193 
centrifugation, washed once, and resuspended in 100 ?l ultra-pure water (Fluka, St. Louis, MO) 194 
to which 50 mg/ml CelLytic Express (Sigma-Aldrich, St. Louis, MO) was added.  Suspensions 195 
were incubated at 37°C for 10 min intervals with intermittent vortexing until the suspension 196 
appeared clear and cells were lysed.  Residual cell material was removed by centrifugation in a 197 
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micro-centrifuge at maximum speed (16,000 ?g) and the cleared lysate was transferred to a new 198 
tube.  Total protein concentration was determined with the BioRad protein assay (Hercules, CA).  199 
Equal amounts of each sample were loaded onto a NuPAGE 10% Bis-Tris gel (Invitrogen Life 200 
Technologies, Carlsbad, CA) and separated by electrophoresis.  Protein was transferred to PVDF 201 
membranes (Invitrogen Life Technologies, Carlsbad, CA) and c-myc tagged LuxR proteins were 202 
detected using  anti-c-myc primary antibody (Roche Diagnostics, Indianapolis, IN) and the 203 
WesternBreeze chemiluminescent immunodetection kit (Invitrogen Life Technologies, Carlsbad, 204 
CA).  Blots were exposed to Kodak BioMax film (Rochester, NY).  The developed film was 205 
scanned using a Hewlett Packard Scanjet 4570c scanner and the included Transparent Materials 206 
Adapter.  Images were analyzed using ImageJ (http://rsb.info.nih.gov/ij/) with the subtract 207 
background feature applied. 208 
 209 
 210 
RESULTS 211 
Directed evolution of LuxR for response to C4HSL.  LuxR-G2E, a LuxR allele that contains 212 
three amino acid changes compared to wild type (T33A, S116A, M135I) was chosen as the 213 
parent allele for this study because it exhibited a response to a synthetic short-chain AHL 214 
(C5HSL), whereas LuxR did not (8).  By screening a random PCR mutagenesis library of LuxR-215 
G2E for response to C4HSL, 10 “third-generation” mutants with an average of 7.6 additional 216 
mutations per allele (6.2 nonsynonymous mutations) were identified (Fig. 1A and Table 1).  217 
DNA shuffling of these third-generation mutants yielded nine unique “fourth-generation” 218 
mutants with an average of 6.8 additional mutations per allele (6.0 non-synonymous mutations) 219 
with respect to  wild-type LuxR (Fig. 1B).  Neither wild-type LuxR nor LuxR-G2E responded to 220 
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C4HSL under the conditions used in this study.  However, all nineteen 3rd and 4th generation 221 
variants responded to C4HSL (See Supplementary material, Figs. S1 & S2).  222 
 223 
Successive generations of LuxR mutants were more sensitive and specific to short acyl-224 
chain AHLs.  Sensitivity of third- and fourth-generation mutants toward C4HSL, C5HSL, and 225 
3OC6HSL was determined by calculating the half-maximal gene activation value for each 226 
mutant and for each AHL, i.e. from dose-response curves (see Materials and Methods and 227 
Supplementary Material Figs. S1 & S2).  Wild-type LuxR required 24 nM 3OC6HSL to achieve 228 
half-maximal gene activation, but exhibited no observed response to C4HSL or C5HSL.  LuxR-229 
G2E required 26 nM 3OC6HSL and 110 nM C5HSL to achieve half-maximal gene activation, 230 
with no response to C4HSL observed.  Third-generation LuxR mutants required an average of 9 231 
nM 3OC6HSL, 22 nM C5HSL, and 2300 nM C4HSL for half-maximal gene activation.  Fourth-232 
generation mutants required an average of ?1 nM 3OC6HSL, 2 nM C5HSL, and 150 nM C4HSL 233 
for half-maximal gene activation (see Supplementary material, Tables S1 and S2).  The 234 
improved responses of the LuxR variants toward C4HSL involved, but were not solely a function 235 
of their becoming more sensitive to all AHLs, i.e. in a general manner.  A component of the 236 
improved response also involved changes in the specificity (S) of the variants, i.e. towards 237 
C4HSL.  For example, by comparing the ratio of the half maximal responses towards C4HSL vs. 238 
C5HSL for each variant, an improvement in specificity (S) was observed.  239 
 240 
LuxR-G4E responded strongly to C4HSL and had only one additional mutation compared 241 
to LuxR-G2E.  The 4th generation variant LuxR-G4E had four deduced amino acid substitutions 242 
compared to wild type (T33A, I45F, S116A, and M135I). With the exception of I45F, these 243 
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mutations were already present in LuxR-G2E, the 2nd generation variant used as the parent in 244 
these studies (Fig. 1B).  LuxR-G4E retained broad specificity to AHLs with side-chains of 5-14 245 
carbons in length, a trait characteristic of its LuxR-G2E parent which, however, does not respond 246 
to C4HSL (Fig. 2).   247 
 248 
Dissection of LuxR-G4E revealed that combinations of at least three mutations were 249 
required to achieve C4HSL detection. Using site-directed mutagenesis of wild-type LuxR, all 250 
possible 15 permutations of the four mutations within LuxR-G4E were constructed. The 251 
response of each variant to AHLs was analyzed via quantitative bioassays.  Half-maximal gene 252 
activation values were determined from dose-response curves for each variant (Fig. 3, Table 2).  253 
Dissection of LuxR-G4E revealed that none of the single amino acid changes, including I45F, or 254 
combinations of any two changes permitted detection of C4HSL (Fig. 3A).  Three of the four 255 
possible triple mutants exhibited a weak response to C4HSL (Fig. 3A and Table 2), but were two 256 
orders of magnitude less sensitive to C4HSL relative to LuxR-G4E (Table 2).  257 
 258 
Western immunoblots and quantitative densitometry. All site-directed and fourth-generation 259 
mutants (including LuxR-G4E) were subjected to analysis by whole-cell lysate Western 260 
immunoblots and quantitative densitometry. Across the board, increases in sensitivity of each 261 
mutant to L-3OC6HSL correlated well with higher steady-state protein levels. However, as has 262 
been discussed previously: although increases in protein concentration can result in generalized 263 
increases in the response of LuxR to all AHLs, such increases can not account for changes in 264 
specificity. The mutant dissection results (Table 2) reveal that C4HSL specificity has been 265 
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significantly altered (improved) in the all of the variants exhibiting a response to this AHL, with 266 
the greatest improvement observed with the 4 amino acid changes of LuxR-G4E.  267 
 268 
 269 
DISCUSSION 270 
Wild-type LuxR exhibits a greater response to AHLs with acyl side chains up to six carbons 271 
longer than that to its cognate signal (3OC6HSL) than it does to those even one carbon shorter in 272 
length (Fig. 2). However, the results here demonstrate that there is no intrinsic or insurmountable 273 
barrier to broadening the response of LuxR to short chain quorum sensing signals such as 274 
C4HSL.  275 
 276 
The mutation I45F was recovered with great frequency among fourth-generation variants, and 277 
two of the third-generation mutants also contained this change (Fig. 1).  The I45F change was 278 
shown to be essential for C4HSL detection by LuxR-G4E, but alone was not sufficient to permit 279 
C4HSL detection when reconstructed into a wild-type background (Fig. 3).  However, the single 280 
mutation alone did yield improved responses to C8HSL and 3OC6HSL (Table 2).  This likely 281 
explains why this mutation has been observed previously, when mutations that improved LuxR 282 
response to C8HSL were identified (8).   283 
 284 
In the specific variant studied here, three or more combinations of mutations at different 285 
locations within the luxR primary sequence were required for C4HSL detection. We note that 286 
several of the 3rd and 4th generation variants in this study exhibited a response to C4HSL but did 287 
not contain the I45F change, e.g. LuxR-G4H (Fig. 1).  This indicates that at least one other 288 
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solution permitting C4HSL detection, and likely many more, exist.  Moreover, it is not 289 
necessarily the case that multiple changes are required to gain a strong C4HSL response.  Since 290 
this study used as starting material a LuxR variant that already involved changes at three 291 
residues, and since the search for C4HSL responding variants was by no means exhaustive, the 292 
possibility remains that there could yet be many alternative solutions, even several involving 293 
only single changes. Nevertheless, it seems notable that as few as 4 residue changes can result in 294 
a strong response and markedly improved specificity of LuxR towards C4HSL. This molecule 295 
serves as the cognate signal for both RhlR and AsaR (25, 33), proteins having autoinducer 296 
binding domains that each differ from that of LuxR by over 120 residue changes over a span of 297 
160 residues.  298 
 299 
Directed evolution has been used extensively to modify enzyme substrate specificity, chiefly for 300 
biotechnological applications (4, 14, 38).  Directed evolution has become a tool to study the 301 
evolution of new protein function in the laboratory and has led to support of the hypothesis that 302 
protein evolution occurs through promiscuous intermediates (1, 2, 20).  Using the approaches of 303 
directed evolution applied to LuxR as demonstrated here and previously (9), it is plausible to 304 
consider that a wide diversity of different quorum sensing response regulator variants can be 305 
evolved rapidly from LuxR, i.e. to perceive and respond to a multitude of both natural and 306 
perhaps even non-natural AHL structures.  307 
 308 
309 
ACC
EPT
ED
Page 15 
ACKNOWLEDGEMENTS 309 
The authors thank Amy Schaefer and members of our laboratories for their many helpful 310 
discussions and critical reading of the manuscript.  This research was supported by the Defense 311 
Advanced Research Projects Agency (DARPA) Biological Input-Output Systems program under 312 
grant N66001-02-8929.  Disclaimer: Any opinions, findings, and conclusions or 313 
recommendations expressed in this publication are those of the author(s) and do not necessarily 314 
reflect the views of the DARPA. 315 
 316 
 317 
REFERENCES 318 
1. Aharoni, A., L. Gaidukov, O. Khersonsky, Q. G. S. Mc, C. Roodveldt, and D. S. 319 
Tawfik. 2005. The 'evolvability' of promiscuous protein functions. Nat. Genet. 37:73-6. 320 
2. Arnold, F. H., P. L. Wintrode, K. Miyazaki, and A. Gershenson. 2001. How enzymes 321 
adapt: lessons from directed evolution. Trends Biochem. Sci. 26:100-6. 322 
3. Ault, A. D., and J. R. Broach. 2006. Creation of GPCR-based chemical sensors by 323 
directed evolution in yeast. Protein Eng. Des. Sel. 19:1-8. 324 
4. Bloom, J. D., M. M. Meyer, P. Meinhold, C. R. Otey, D. MacMillan, and F. H. 325 
Arnold. 2005. Evolving strategies for enzyme engineering. Curr. Opin. Struct. Biol. 326 
15:447-52. 327 
5. Callahan, S. M., and P. V. Dunlap. 2000. LuxR- and acyl-homoserine-lactone-328 
controlled non-lux genes define a quorum-sensing regulon in Vibrio fischeri. J. Bacteriol. 329 
182:2811-22. 330 
CCE
PTE
D
Page 16 
6. Chhabra, S. R., P. Stead, N. J. Bainton, G. P. Salmond, G. S. Stewart, P. Williams, 331 
and B. W. Bycroft. 1993. Autoregulation of carbapenem biosynthesis in Erwinia 332 
carotovora by analogues of N-(3-oxohexanoyl)-L-homoserine lactone. J. Antibiot. 333 
(Tokyo) 46:441-54. 334 
7. Cirino, P. C., K. M. Mayer, and D. Umeno. 2003. Generating libraries using error-335 
prone PCR, p. 3-9. In F. H. Arnold and G. G. (ed.), Directed Evolution Library Creation. 336 
Humana Press, Totawa, NJ. 337 
8. Collins, C. H., F. H. Arnold, and J. R. Leadbetter. 2005. Directed evolution of Vibrio 338 
fischeri LuxR for increased sensitivity to a broad spectrum of acyl-homoserine lactones. 339 
Mol. Microbiol. 55:712-23. 340 
9. Collins, C. H., J. R. Leadbetter, and F. H. Arnold. 2006. Dual selection creates a new 341 
signaling specificity in the quorum-sensing transcriptional activator LuxR. Nat. 342 
Biotechnol. 24:708-712. 343 
10. Derr, P., E. Boder, and M. Goulian. 2006. Changing the specificity of a bacterial 344 
chemoreceptor. J. Mo.l Biol. 355:923-32. 345 
11. Dunlap, P. V. 1999. Quorum regulation of luminescence in Vibrio fischeri. J. Mol. 346 
Microbiol. Biotechnol. 1:5-12. 347 
12. Eberhard, A., C. A. Widrig, P. McBath, and J. B. Schineller. 1986. Analogs of the 348 
autoinducer of bioluminescence in Vibrio fischeri. Arch. Microbiol. 146:35-40. 349 
13. Egland, K. A., and E. P. Greenberg. 2001. Quorum sensing in Vibrio fischeri: analysis 350 
of the LuxR DNA binding region by alanine-scanning mutagenesis. J. Bacteriol. 351 
183:382-6. 352 
ACC
EPT
ED
Page 17 
14. Farinas, E. T., T. Bülter, and F. H. Arnold. 2001. Directed enzyme evolution. Curr. 353 
Opin. Biotechnol. 12:545-51. 354 
15. Finney, A. H., R. J. Blick, K. Murakami, A. Ishihama, and A. M. Stevens. 2002. Role 355 
of the C-terminal domain of the alpha subunit of RNA polymerase in LuxR-dependent 356 
transcriptional activation of the lux operon during quorum sensing. J. Bacteriol. 357 
184:4520-8. 358 
16. Fuqua, C., and E. P. Greenberg. 2002. Listening in on bacteria: acyl-homoserine 359 
lactone signalling. Nat. Rev. Mol. Cell Biol. 3:685-95. 360 
17. Fuqua, W. C., S. C. Winans, and E. P. Greenberg. 1994. Quorum sensing in bacteria: 361 
the LuxR-LuxI family of cell density-responsive transcriptional regulators. J. Bacteriol. 362 
176:269-75. 363 
18. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989. Site-364 
directed mutagenesis by overlap extension using the polymerase chain reaction. Gene. 365 
77:51-9. 366 
19. Horton, R. M., H. D. Hunt, S. N. Ho, J. K. Pullen, and L. R. Pease. 1989. Engineering 367 
hybrid genes without the use of restriction enzymes: gene splicing by overlap extension. 368 
Gene. 77:61-8. 369 
20. Jensen, R. A. 1976. Enzyme recruitment in evolution of new function. Annu. Rev. 370 
Microbiol. 30:409-25. 371 
21. Joern, J. M. 2003. DNA Shuffling, p. 85-89. In F. H. Arnold and G. Georgiou (ed.), 372 
Directed Evolution Library Creation. Humana Press, Totawa, NJ. 373 
22. Kaplan, H. B., and E. P. Greenberg. 1985. Diffusion of autoinducer is involved in 374 
regulation of the Vibrio fischeri luminescence system. J. Bacteriol. 163:1210-4. 375 
ACC
EPT
ED
Page 18 
23. Lao, W., S. Kjelleberg, N. Kumar, R. deNys, R. Read, and P. Steinberg. 1999. C-13 376 
NMR study of N-acyl-S-homoserine lactone derivatives. Magn. Reson. Chem. 37:157-377 
158  378 
24. Lengqvist, J., A. Mata de Urquiza, T. Perlmann, J. Sjovall, and W. J. Griffiths. 379 
2005. Specificity of receptor-ligand interactions and their effect on dimerisation as 380 
observed by electrospray mass spectrometry: bile acids form stable adducts to the 381 
RXRalpha. J. Mass. Spectrom. 40:1448-61. 382 
25. Pearson, J. P., E. C. Pesci, and B. H. Iglewski. 1997. Roles of Pseudomonas 383 
aeruginosa las and rhl quorum-sensing systems in control of elastase and rhamnolipid 384 
biosynthesis genes. J. Bacteriol. 179:5756-5767. 385 
26. Schaefer, A. L., B. L. Hanzelka, A. Eberhard, and E. P. Greenberg. 1996. Quorum 386 
sensing in Vibrio fischeri: probing autoinducer-LuxR interactions with autoinducer 387 
analogs. J. Bacteriol. 178:2897-901. 388 
27. Schaefer, A. L., B. L. Hanzelka, M. R. Parsek, and E. P. Greenberg. 2000. Detection, 389 
purification, and structural elucidation of the acyl-homoserine lactone inducer of Vibrio 390 
fischeri luminescence and other related molecules. Methods Enzymol 305:288-301. 391 
28. Schaefer, A. L., B. L. Hanzelka, M. R. Parsek, and E. P. Greenberg. 2000. Detection, 392 
purification, and structural elucidation of the acylhomoserine lactone inducer of Vibrio 393 
fischeri luminescence and other related molecules. Methods Enzymol. 305:288-301. 394 
29. Scholz, O., M. Kostner, M. Reich, S. Gastiger, and W. Hillen. 2003. Teaching TetR to 395 
recognize a new inducer. J. Mol. Biol. 329:217-27. 396 
ACC
EPT
ED
Page 19 
30. Schwimmer, L. J., P. Rohatgi, B. Azizi, K. L. Seley, and D. F. Doyle. 2004. Creation 397 
and discovery of ligand-receptor pairs for transcriptional control with small molecules. 398 
Proc. Natl. Acad. Sci. USA. 101:14707-12. 399 
31. Stevens, A. M., and E. P. Greenberg. 1999. Transcriptional activation by LuxR. In G. 400 
M. Dunny and S. C. Winans (ed.), Cell-Cell Signaling in Bacteria. ASM Press, 401 
Washington, D.C. 402 
32. Swift, S., J. A. Downie, N. A. Whitehead, A. M. Barnard, G. P. Salmond, and P. 403 
Williams. 2001. Quorum sensing as a population-density-dependent determinant of 404 
bacterial physiology. Adv. Microb. Physiol. 45:199-270. 405 
33. Swift, S., A. V. Karlyshev, L. Fish, E. L. Durant, M. K. Winson, S. R. Chhabra, P. 406 
Williams, S. Macintyre, and G. S. Stewart. 1997. Quorum sensing in Aeromonas 407 
hydrophila and Aeromonas salmonicida: identification of the LuxRI homologs AhyRI 408 
and AsaRI and their cognate N-acylhomoserine lactone signal molecules. J. Bacteriol. 409 
179:5271-81. 410 
34. Trott, A. E., and A. M. Stevens. 2001. Amino acid residues in LuxR critical for its 411 
mechanism of transcriptional activation during quorum sensing in Vibrio fischeri. J. 412 
Bacteriol. 183:387-92. 413 
35. Urbanowski, M. L., C. P. Lostroh, and E. P. Greenberg. 2004. Reversible acyl-414 
homoserine lactone binding to purified Vibrio fischeri LuxR protein. J. Bacteriol. 415 
186:631-7. 416 
36. Visick, K. L., and C. Fuqua. 2005. Decoding microbial chatter: cell-cell communication 417 
in bacteria. J. Bacteriol. 187:5507-19. 418 
ACC
EPT
ED
Page 20 
37. Visick, K. L., and E. G. Ruby. 1999. The emergent properties of quorum sensing: 419 
consequences to bacteria of autoinducer signaling in their natural environment, p. 333-420 
352. In G. M. Dunny and S. C. Winans (ed.), Cell-Cell Signaling in Bacteria. ASM Press, 421 
Washington, D.C. 422 
38. Yuan, L., I. Kurek, J. English, and R. Keenan. 2005. Laboratory-directed protein 423 
evolution. Microbiol. Mol. Biol. Rev. 69:373-92. 424 
 425 
426 
ACC
EPT
ED
Page 21 
Table 1. Stains and Plasmids used in this study. 426 
Strain or Plasmid Relevant Characteristics and/or  
Nucleotide Changesa 
Source or Reference 
E. coli DH5? F- ?- recA1 ?(lacZYA-argF) U169 hsdR17(rk-, 
mk
+) thi-1 gyrA96 supE44 endA1 relA1 
?80dlacZ?M15 phoA deoR 
(8) 
Plasmids   
pPROLar.A122 Kmr; expression plasmid containing Plac/ara1; P15A 
ori 
BD Biosciences, 
Clontech 
pLuxR Kmr; wild type LuxR expression plasmid; P15A 
ori 
(8) 
pluxGFPuv Cmr; GFPuv under control of PluxI; ColE1 ori  (8) 
pLuxR-G2E Kmr; luxR directed evolution mutant; A97G, 
T162A*, T346G, G405A 
(8) 
pLuxR-G3A Kmr; luxR directed evolution mutant; A97G, 
A102G*, T162A*, T346G, G405A, A433G, 
T436A, T668A 
This study 
pLuxR-G3B Kmr; luxR directed evolution mutant; A97G, 
T162A*, A257G, T346G, T360C*, G405A, 
A520G 
This study 
pLuxR-G3C Kmr; luxR directed evolution mutant; A97G, 
A117T, T162A*, A343G, T346G, G405A, 
T651C* 
This study 
pLuxR-G3D Kmr; luxR directed evolution mutant; A97G, 
T162A*, T346G, T360A*, G405A, A470G, 
A503G 
This study 
pLuxR-G3E Kmr; luxR directed evolution mutant; A97G, 
T162A*, A177T*, A343G, T346G, G405A, 
A512G 
This study 
pLuxR-G3F Kmr; luxR directed evolution mutant; A97G, 
T162A*, A294G*, T346G, G405A, T440A, 
T490A, A679G 
This study 
pLuxR-G3G Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T346G, A358G, G405A, 
A431G, A458G, T497C  
This study 
pLuxR-G3H Kmr; luxR directed evolution mutant; A97G, 
T111A, A117T, A156G, T162A*, T346G, 
G405A, T459C*, A472G, T606C*, A707G, 
T714C* 
This study 
pLuxR-G3I Kmr; luxR directed evolution mutant; A97G, 
A146G, T162A*, A273G*, T346G, G405A, 
A470G, A545G, A684G*, A696T 
This study 
pLuxR-G3J Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T240A*, T346G, G405A, 
T454C*, A495T*, A526G, A628T, A696T 
This study 
pLuxR-G4A Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T240A*, T346G, A358G, 
G405A, A545G 
This study 
427 
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Table 1. Continued. 427 
pLuxR-G4B Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T346G, G405A, A495T*, 
A520G 
This study 
pLuxR-G4C Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T346G, G405A, A431G, 
A458G, A696T 
This study 
pLuxR-G4D Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T346G, G405A, A503G 
This study 
pLuxR-G4E Kmr; luxR directed evolution mutant; A97G, 
A133T, T346G, G405A, A495T* 
This study 
pLuxR-G4F Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T346G, G405A, T440A, 
T651C* 
This study 
pLuxR-G4G Kmr; luxR directed evolution mutant; A97G, 
A133T, T162A*, T346G, G405A, A472G 
This study 
pLuxR-G4H Kmr; luxR directed evolution mutant; A97G, 
T111A, A117T, T162A*, A257G, A343G, 
T346G, T360A*, G405A, A520G, A707G, 
T714C* 
This study 
pLuxR-G4I Kmr; luxR directed evolution mutant; A97G, 
A102G*, T162A*, A133T, A177T*, A343G, 
T346G, G405A, A520G, A526G, A679G 
This study 
pLuxR T33A Kmr; luxR site-directed mutant; A97G (8) 
pLuxR I45F Kmr; luxR site-directed mutant; A133T This study 
pLuxR S116A Kmr; luxR site-directed mutant; T346G (8) 
pLuxR M135I Kmr; luxR site-directed mutant; G405A (8) 
pLuxR T33A I45F Kmr; luxR site-directed mutant; A97G, A133T This study 
pLuxR T33A S116A Kmr; luxR site-directed mutant; A97G, T346G This study 
pLuxR T33A M135I Kmr; luxR site-directed mutant; A97G, G405A This study 
pLuxR I45F S116A Kmr; luxR site-directed mutant; A133T, T346G This study 
pLuxR I45F M135I Kmr; luxR site-directed mutant; A133T, G405A This study 
pLuxR S116A M135I Kmr; luxR site-directed mutant; T346G, G405A This study 
pLuxR T33A I45F S116A Kmr; luxR site-directed mutant; A97G, A133T, 
T346G 
This study 
pLuxR T33A I45F M135I Kmr; luxR site-directed mutant; A97G, A133T, 
G405A 
This study 
pLuxR T33A S116A M135I Kmr; luxR site-directed mutant; A97G, T346G, 
G405A 
This study 
pLuxR I45F S116A M135I Kmr; luxR site-directed mutant; A133T, T346G, 
G405A 
This study 
a
 Kmr, kanamycin resistant; Cmr, chloramphenicol resistant; ori, origin or replication.  428 
Nucleotides are according to the one-letter codes and are listed according to wild-type luxR 429 
position. 430 
 431 
*
 This nucleotide change does not result in a change to the deduced amino acid sequence. 432 
433 
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Table 2.  AHL responses of wild-type LuxR and dissected variants of LuxR-G4E 433 
LuxR 
Allele  
    Sensitivitya Specificityb 
     [3OC6HSL]50  
(nM) 
[DL-C8HSL]50  
(nM) 
[C4HSL]50  
(nM)c 
SC8HSL SC4HSL 
LuxR (wt)       24 7900 nr 330 - 
 Single  T33?A      16 1600 nr 100 - 
 Single   I45?F        9  2900 nr 320 - 
 Single     S116?A    15 1700 nr 110 - 
 Single     M135?I 120 5300 nr   44 - 
 Double    T33?A I45?F        7    980 nr 140 - 
 Double  T33?A  S116?A       7  1200 nr 171 - 
 Double  T33?A   M135?I   85   820 nr   10 - 
 Double   I45?F S116?A       5    860 nr 170 - 
 Double   I45?F  M135?I   34   630 nr   19 - 
 Double   S116?A M135?I 110 1200 nr   11 - 
 Triple T33?A I45?F S116?A      3    100 28000   29 8200 
 Triple T33?A I45?F  M135?I   11     54 14000     5 1300 
 Triple T33?A  S116?A M135?I   30     68 nr     2 - 
 Triple  I45?F S116?A M135?I     9      41 10000     5 1100 
LuxR-G4E T33?A I45?F S116?A M135?I     2     29     180   12     75 
 434 
a
 [3OC6HSL]50, [DL-C8HSL]50, and [C4HSL]50 are the concentrations required (in nM) of each 435 
AHL listed to achieve half-maximal gene activation, as measured by fluorescence intensity of the 436 
GFPuv reporter.  Values were calculated as described in Materials and Methods, represent at 437 
least two replicates, and standard deviations were within ±18%.  438 
 439 
b
 The specificity constants, SC8HSL and SC4HSL, are a measure of relative specificity for the given 440 
AHL as compared to the cognate signal,  3OC6HSL (see Materials and Methods for further 441 
explanation). Dash mark denotes that the variant has no response, and thus no specificity, ofor 442 
the given AHL. 443 
 444 
c 
nr, no response after incubation with 10 ?M C4HSL. 445 
 446 
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FIGURE LEGENDS 447 
Figure 1.  Deduced amino acid changes in third-generation (A) and fourth-generation (B) 448 
LuxR variants responsive to butanoyl-HSL.  Amino acids are labeled according to the one-449 
letter codes.  Positions are based on a LuxR polypeptide of 250 amino acids in length for ease of 450 
reference to the previous literature.  However, in a recent study, purified LuxR was shown to be 451 
a 252 amino acid polypeptide (35). 452 
  453 
Figure 2.  Relaxed specificity of LuxR-G4E.  LuxR-G4E has the most promiscuous response to 454 
AHLs, compared to wild type and the LuxR-G2E parent.  LuxR-G4E has only one additional 455 
amino acid change, I45F, compared to the parent, LuxR-G2E.  This change permits response to 456 
C4HSL (curve has shifted left). C2HCTL, acetyl-homocysteine thiolactone, a 2-carbon AHL 457 
analogue, was not detected by any of the LuxR variants tested.  458 
 459 
Figure 3.  Dissection of LuxR-G4E mutations.  A combination of at least three mutations was 460 
required for C4HSL detection, whereas individual mutations increase response to DL-C8HSL.  A, 461 
mutant response to C4HSL.  The heavy dashed line indicates the maximum response observed 462 
by any single or double amino acid mutant, as these are omitted from the graph for clarity.  B, 463 
mutant response to DL-C8HSL.  For clarity, only representative mutants are shown.  Error bars 464 
represent the standard deviation of three technical replicates and graphs are representative of at 465 
least two separate experiments.  Please note scale differences.  RFU, relative fluorescence units.  466 
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